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HIGHLIGHTS 


•  Ti02  microspheres  are  synthesized  and  calcined  from  400  to  1000  °C. 

•  A  novel  hybrid  supercapacitor  is  fabricated  using  AC  and  Ti02  microspheres. 

•  High  energy  density  and  power  density  are  obtained  with  organic  electrolyte. 

•  98%  of  initial  capacitance  is  remained  after  1000  cycles  at  1.0  A  g-1. 
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Mesoporous  Ti02  microspheres,  synthesized  by  a  facile  template-free  solvothermal  method  and  subse¬ 
quent  heat  treatment,  are  exploited  as  the  electrode  for  hybrid  supercapacitors.  The  effects  of  the 
calcination  temperature  on  the  phase  composition,  particulate  microstructure  and  morphology  are 
characterized  by  XRD,  Raman,  FE-SEM  and  N2  adsorption/desorption  measurements.  Hybrid  super¬ 
capacitors  utilizing  the  as-prepared  Ti02  mesoporous  microspheres  as  the  negative  electrode  and  acti¬ 
vated  carbon  (AC)  as  the  positive  electrode  in  a  non-aqueous  electrolyte  are  fabricated.  The 
electrochemical  performance  of  these  hybrid  supercapacitors  is  studied  by  galvanostatic  charge-di¬ 
scharge  and  cyclic  voltammetry  (CV).  The  hybrid  supercapacitor  built  from  Ti02  microspheres  calcined  at 
400  °C  shows  the  best  performance,  delivering  an  energy  density  of  79.3  Wh  kg-1  at  a  power  density  of 
178.1  W  kg-1.  Even  at  a  power  density  of  9.45  kW  kg-1,  an  energy  density  of  31.5  Wh  kg-1  is  reached. 
These  values  are  much  higher  than  the  AC— AC  symmetric  supercapacitor.  In  addition,  the  hybrid 
supercapacitor  exhibits  excellent  cycling  performance,  retaining  98%  of  the  initial  energy  density  after 
1000  cycles.  Such  outstanding  electrochemical  performance  of  the  hybrid  supercapacitor  is  attributed  to 
the  matched  reaction  kinetics  between  the  two  electrodes  with  different  energy  storage  mechanisms. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  the  increasing  demand  for  high-quality  energy  sup¬ 
plies  for  mobile,  portable  and  stationary  applications,  various  types 
of  electrochemical  energy  storage  and  conversion  technologies, 
such  as  rechargeable  batteries  1,2  ,  supercapacitors  [3,4  ,  and  fuel 
cells  [5,6],  have  been  developed  and  have  received  tremendous 
attention  during  the  past  decade  because  of  increasing  concerns 
about  energy  saving  and  environmental  protection  from  the  public. 
Secondary  batteries,  in  particular  lithium-ion  batteries  (LIBs),  have 
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widely  served  as  power  sources  for  personal  electronics  (laptop 
computers,  cell  phones,  digital  cameras,  etc.).  It  is  generally 
believed  that  such  electrochemical  devices  also  have  great  poten¬ 
tial  for  other  large-scale  applications,  such  as  power  sources  for 
electric  and  hybrid  electric  vehicles  and  energy  storage  for  smart 
grids  [7,8]. 

Different  applications  may  have  significantly  different  re¬ 
quirements  for  the  scale  of  the  energy  and  power  supply.  Modern 
sophisticated  electronics  and  electric  vehicles  require  power 
sources  with  high  energy  and  power  density,  long  cycling  stability 
and  outstanding  safety.  Traditional  dielectric  capacitors  have  very 
long  cycle  life,  which  can  deliver  high  power  in  a  very  short  time, 
while  their  energy  density  is  pretty  low.  Rechargeable  lithium-ion 
batteries  show  energy  density  as  high  as  200  Wh  kg-1,  but  they 
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have  a  relatively  low  power  density  of  <1  kW  kg-1  and  poor 
cycling  stability  with  cycle  life  of  typically  <1000  cycles  [9]. 
Recently,  supercapacitors,  also  known  as  ultracapacitors  or  elec¬ 
trochemical  capacitors  have  attracted  attention.  These  devices 
store  energy  via  electrochemical  double  layer  capacitance  (EDLC) 
or  faradic  pseudo  capacitance  and  have  an  energy  density  (1  — 
10  Wh  kg'1)  much  higher  than  conventional  dielectric  capacitor 
(<0.1  Wh  kg'1)  and  a  power  density  (up  to  10  kW  kg'1)  higher 
than  batteries  (<1  kW  kg'1)  10-12  .  To  further  narrow  the  en- 
ergy/power  gap  between  supercapacitors  and  lithium-ion  batte¬ 
ries,  a  new  type  of  electrochemical  energy  storage  system,  i.e., 
hybrid  supercapacitor,  was  proposed.  In  this  device,  one  electrode 
(typically  the  anode)  uses  secondary-battery-type  lithium-inter¬ 
calation  materials  while  the  other  electrode  (typically  the  cathode) 
contains  electrochemical  double  layer  capacitor-type  carbon  ma¬ 
terials  13,14  .  Such  electrochemical  devices  store  charges  at  the 
cathode  through  the  reversible  adsorption/desorption  reaction  of 
anions  (PFg,  CIO4,  BF4,  etc.)  and  at  the  anode  through  a  reversible 
lithium  insertion/extraction  reaction  [15-17  .  By  taking  advantage 
of  this  combination,  hybrid  supercapacitors  have  the  potential  to 
provide  an  energy  density  similar  to  LIBs  as  well  as  a  high  power 
density  and  long  cycle  life  comparable  with  conventional  EDLC 
supercapacitors  [18]. 

During  the  past  decades,  several  hybrid  supercapacitors  have 
been  developed  and  studied,  including  carbon  nanotubes  (CNTs)— 
Ti02  [19,20],  activated  carbon  (AC)-Ti02  [21],  AC-Ni(OH)2  [22], 
CNTs-Ni(OH)2  23],  AC-Ru02/Ti02  nanotube  composite  24],  AC- 
Li4Ti5012  [25-27],  AC-LiMn204  [28],  AC-Li2MnSi04  [29],  AC- 
Mn02  [30,31],  AC-V205  [32],  AC-Li2FeSi04  [33],  and  AC-TiP207 
[34].  These  systems  were  comparable  to  secondary-battery- type 
electrode  combinations  with  a  carbon-type  electrode;  their 
maximum  energy  densities  were  generally  less  than  40  Wh  kg'1 
with  most  of  them  in  the  range  of  10-20  Wh  kg'1  or  even  lower. 
Because  of  the  low  cost,  non-toxicity,  environmental  benignity  and 
low  solubility  in  organic  electrolyte  solution  of  Ti02,  the  AC-Ti02 
hybrid  supercapacitors  are  of  particular  interest  [21,35-38].  How¬ 
ever,  due  to  the  intrinsic  difference  in  the  energy  storage  mecha¬ 
nism  between  the  AC  and  Ti02  electrodes,  the  performance  of  the 
AC-Ti02  supercapacitor  is  strongly  limited  by  the  mismatch  of 
charge  and  discharge  rates  between  the  AC  and  Ti02  electrodes 
[19].  The  relatively  low  Li+  diffusion  coefficient  and  low  electronic 
conductivity  are  the  main  obstacles  to  achieve  high-power  density 
in  electrochemical  devices  with  Ti02  electrodes.  Until  now,  the 
power  and  energy  densities  of  AC-Ti02  hybrid  supercapacitors  are 
still  relatively  low,  and  the  energy  density  is  usually  lower  than 
42  Wh  kg'1  [19-21  .  Ti02  has  several  polymorphs,  including 
Ti02(B),  anatase,  rutile  and  brookite  39  .  Among  them,  the  anatase 
and  Ti02(B)  phases  show  the  best  electroactivity  [35-38].  A 
morphological  optimization  can  lead  to  further  improvement  in  the 
electrode  activity.  For  example,  we  demonstrated  that  mesoporous 
Ti02(B)/anatase  microspheres  had  excellent  electrochemical  per¬ 
formance  in  LIBs  cycling  within  the  potential  range  of  1.0-3.0  V 
[40]. 

In  this  work,  we  reported,  for  the  first  time,  the  adoption  of 
mesoporous  Ti02  microspheres  as  anode  materials  for  hybrid 
supercapacitors  coupled  with  AC  cathode  in  1  M  LiPF6  (EC/DEC/ 
DMC  =  1:1:1)  electrolyte  cycling  over  a  wide  potential  window  of 
0.0-2.8  V.  The  Ti02  microspheres  were  prepared  by  a  solvothermal 
process  in  combination  with  a  subsequent  thermal  treatment.  The 
effects  of  the  calcination  temperature  on  the  morphology,  structure 
and  performance  of  Ti02  in  the  hybrid  supercapacitor  were  sys¬ 
tematically  studied.  An  energy  density  as  high  as  79.3  Wh  kg'1  and 
excellent  cycling  stability  were  demonstrated  for  the  hybrid 
supercapacitor.  Such  outstanding  performance  was  discussed  and 
explained. 


2.  Experimental 

2.2.  Powder  synthesis 

Hierarchical  porous  Ti02  microspheres  were  synthesized  by  a 
solvothermal  method  [40].  Briefly,  1  mL  of  tetrabutyltitanate  (TBT) 
(Shanghai  Lingfeng  Chemical  Reagent  Co.,  Ltd  China)  was  added 
dropwise  to  a  50  mL  acetic  acid  solution  (Sinopharm  Chemical 
Reagent  Co.,  Ltd  China)  with  vigorous  stirring  for  5  min  and  was 
then  transferred  into  a  Teflon-lined  stainless-steel  autoclave  for 
solvothermal  treatment  at  150  °C  for  24  h.  The  resulting  precipitate 
was  separated  by  centrifugation,  washed  with  deionized  water  and 
ethanol,  dried  at  60  °C  for  12  h  to  obtain  white  primary  powder 
samples,  and  was  then  further  calcined  at  400,  500,  600,  700,  800, 
900  or  1000  °C  for  2  h  in  air  to  obtain  the  final  products  for  later  use. 

2.2.  Basic  characterization 

The  structural  properties  of  the  synthesized  Ti02  powders  were 
analyzed  by  X-ray  powder  diffraction  (XRD)  using  a  Bruker  D8 
advance  diffractometer  with  filtered  Cu  Ka  radiation 
(A  ~  0.154  nm).  The  data  were  collected  at  room  temperature  with 
a  scanning  speed  of  2°  min'1  over  a  20  range  of  10-80°.  The  Raman 
spectra  were  measured  on  a  Horiba  HR  800  with  a  514-nm  exci¬ 
tation  line  from  an  argon  ion  laser.  The  morphology  and  micro¬ 
structure  of  the  as-obtained  products  were  examined  using  a  field- 
emission  scanning  electron  microscopy  (FE-SEM,  Hitachi  S-4800). 
The  N2  adsorption-desorption  measurement  was  carried  out  at  the 
temperature  of  liquid  nitrogen  using  a  BELSORP  II  instrument.  The 
specific  surface  area  and  pore  size  distribution  of  the  samples  were 
calculated  using  the  Brunauer-Emmett-Teller  (BET)  method  and 
the  Barrett-Joyner-Halenda  (BJH)  method,  respectively.  Before 
analysis,  the  samples  were  pretreated  at  200  °C  for  2  h  under 
vacuum. 

2.3.  Electrochemical  characterization 

The  electrochemical  performance  test  was  performed  using  a 
typical  two-electrode  system  19].  The  hybrid  supercapacitors  with 
Ti02  microspheres  as  the  active  material  of  the  negative  electrode 
and  commercial  activated  carbon  (Nanjing  XFnano  Material  Tech 
Co.,  Ltd  China)  as  the  active  material  of  the  positive  electrode  were 
fabricated  as  follows:  First,  80  wt.%  of  the  active  material  (Ti02  or 
activated  carbon),  10  wt.%  of  conductive  Super  P  and  10  wt.%  of 
PVDF  (polyvinylidene  fluoride)  were  mixed,  and  then  they  were 
directly  added  to  an  NMP  (N-methyl  pyrrolidinone)  solution  under 
continuous  stirring  for  10  h  to  make  viscous  slurries.  Next,  the  as- 
prepared  anode  and  cathode  slurries  were  applied  onto 
aluminum  foils,  which  were  pre-cleaned  by  sonicating  in  ethanol 
for  1  h.  The  electrode  films  were  dried  in  a  vacuum  at  100  °C  for 
12  h,  cut  into  disk  shapes  and  finally  assembled  into  hybrid 
supercapacitors  in  an  Ar-filled  glove-box.  The  weights  of  the  disk¬ 
shaped  films  were  typically  2  mg  cm'2.  A  non-aqueous  solution 
composed  of  1  M  LiPF6  dissolved  in  a  mixture  of  ethylene  carbonate 
(EC),  diethyl  carbonate  (DEC),  and  dimethyl  carbonate  (DMC)  with 
an  EC/DEC/DMC  volumetric  ratio  of  1:1:1  served  as  the  liquid 
electrolyte.  A  microporous  polypropylene  film  (Celgard  2400)  was 
used  as  the  separator.  A  lithium  half-cell  with  Ti02  as  the  working 
electrode  and  Li  metal  as  the  counter  electrode  was  assembled 
using  the  same  separator  and  electrolyte  as  the  hybrid 
supercapacitors. 

Charge-discharge  curves  of  the  two-electrode  cells  were 
recorded  between  0.0  and  2.8  V  at  different  current  densities  using 
a  computer-controlled  battery  test  station  (Neware  Battery  Tester, 
Shenzhen,  China).  Cyclic  voltammograms  (CVs)  were  performed 
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over  the  potential  range  of  0.0-2.8  V  at  various  sweep  rates  using  a 
Princeton  Applied  Research  PARSTAT  2273  (Advanced  Measure¬ 
ment  Technology  Inc.,  USA)  advanced  electrochemical  system. 
Electrochemical  impedance  spectroscopy  (EIS)  measurements  were 
also  carried  out  using  a  PARSTAT  2273  advanced  electrochemical 
system  over  the  frequency  range  of  100  kHz-0.01  Hz.  All  electro¬ 
chemical  measurements  were  carried  out  at  room  temperature. 

3.  Results  and  discussion 

3.1.  Phase  composition 

Fig.  1  shows  the  XRD  patterns  of  the  various  samples  after 
calcination  of  the  solid  precursors  from  the  solvothermal  synthesis 
in  air  at  different  temperatures  between  400  and  1000  °C  for  2  h. 
The  XRD  patterns  of  the  sample  calcined  at  400  °C,  labeled  Ti02 
(400),  can  be  indexed  well  based  on  a  physical  mixture  of  Ti02(B) 
and  anatase  TiC>2  (inset  of  Fig.  1).  Raman  spectra  were  also 
measured  to  obtain  more  information  about  the  phase  composition 
of  the  various  samples.  The  characteristic  Raman  modes  of  anatase 
Ti02  are  typically  located  at  143, 196,  395,  515  and  639  cm-1,  while 
they  appear  at  119,  143,  196,  235,  515  and  639  cm-1  for  Ti02(B) 
[41,42  .  As  shown  in  Fig.  2,  the  appearance  of  both  Raman  modes  at 
119,  235  and  395  cm-1  in  the  Raman  spectra  strongly  supported  the 
co-existence  of  anatase  TiC>2  and  Ti02(B)  phases  in  the  Ti02  (400) 
sample.  For  the  sample  calcined  at  500  °C,  labeled  TiC>2  (500),  the 
diffraction  peaks  of  Ti02(B)  became  very  weak,  and  the  main  XRD 
patterns  could  be  indexed  to  a  single  anatase  phase,  which  suggests 
that  the  Ti02(B)  in  the  sample  was  metastable  and  mostly  con¬ 
verted  into  anatase  Ti02  at  a  calcination  temperature  of  500  °C.  This 
conclusion  was  further  supported  by  the  disappearance  of  the 
characteristic  peak  in  the  Raman  spectrum  of  Ti02(B)  at  235  cm-1 
(Fig.  2).  With  an  increase  in  the  calcination  temperature  up  to 
800  °C,  the  sample  (Ti02  (800))  maintained  an  anatase  Ti02  lattice 
structure,  while  the  increased  peak  intensity  suggested  improved 
crystallinity.  The  successful  survival  of  anatase  Ti02  was  further 
supported  by  the  corresponding  Raman  spectra  shown  in  Fig.  2.  As 
the  temperature  further  increased  to  900  °C,  the  intensity  of  the 
diffraction  peaks  related  to  the  anatase  Ti02  phase  in  the  corre¬ 
sponding  XRD  patterns  decreased;  however,  some  new  diffraction 
peaks  at  20  of  27.5,  36.2,  41.3  and  56.7°  appeared,  which  can  be 
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Fig.  1.  XRD  patterns  of  the  Ti02  calcined  at  various  temperatures  from  400  to  1000  °C; 
the  inset  is  the  XRD  pattern  of  Ti02  calcined  at  400  °C. 


Fig.  2.  Raman  spectra  of  the  Ti02  calcined  at  various  temperatures  from  400  to 
1000  °C;  the  inset  is  the  Raman  spectrum  of  Ti02  calcined  at  400  °C. 


attributed  to  the  (110),  (101),  (111)  and  (220)  diffraction  planes  of 
rutile  TiC>2  (JCPDS,  No.:  65-0190),  suggesting  the  partial  conversion 
of  anatase  Ti02  to  rutile  Ti02.  When  the  calcination  temperature 
was  further  increased  to  1000  °C,  the  peak  intensity  of  the  anatase 
phase  reduced  significantly,  while  the  peak  intensity  of  the  rutile 
TiC>2  became  much  stronger,  suggesting  the  anatase  phase  was 
largely  converted  to  the  rutile  phase  in  TO2  (1000),  supported  by 
the  significant  change  in  the  corresponding  Raman  spectrum.  At  a 
calcination  temperature  of  900  °C,  a  new  peak  at  446  cnrT1 
appeared  in  the  Raman  spectrum,  while  the  peak  at  639  cm-1 
became  broader  on  the  low  energy  side,  which  suggests  the  pres¬ 
ence  of  a  shoulder  peak  at  609  cm-1.  Both  peaks  at  446  and 
609  cnrT1  are  characteristic  Raman  modes  for  rutile  Ti02,  implying 
the  presence  of  rutile  TiC>2  in  the  sample  calcined  at  900  °C.  When 
the  calcination  temperature  further  increased  to  1000  °C,  a  new 
peak  at  230  cm'1  appeared  for  rutile  TiC>2,  and  the  intensity  of  the 
Raman  modes  for  rutile  Ti02  became  very  strong,  while  the  modes 
related  to  anatase  Ti02  were  significantly  reduced.  Such  results 
agree  well  with  the  XRD  patterns.  The  exact  phase  compositions  of 
the  various  samples  were  then  determined  by  Rietveld  refinement, 
and  the  results  demonstrated  that  the  samples  calcined  at  400,  500, 
600,  700,  800,  900  and  1000  °C  were  composed  of  81.9% 
anatase  +  18.1%  Ti02(B),  91.8%  anatase  TiC>2  +  8.2%  Ti02(B),  100% 
anatase  Ti02, 100%  anatase  Ti02, 100%  anatase  Ti02,  85.3%  anatase 
TiC>2  +  14.7%  rutile  TiC>2  and  22.4%  anatase  TiC>2  +  77.6%  rutile  TiC>2, 
respectively.  Such  a  phase  transition  may  have  an  effect  on  the 
electrode  performance,  which  will  be  discussed  in  detail  later. 


3.2.  Particulate  morphology 

Fig.  3  contains  FE-SEM  images  of  various  samples  calcined  at 
different  temperatures.  The  sample  calcined  at  400  °C,  Ti02  (400), 
was  composed  of  microspheres  with  diameters  of  2-4  pm,  which 
were  built  by  many  nanosheets,  as  shown  in  the  inset  of  Fig.  3a, 
similar  to  our  previous  observation  for  Ti02  synthesized  with  the 
application  of  PVP  [40].  Even  after  sintering  at  700  °C,  the  micro¬ 
sphere  morphological  shape  was  still  well  maintained,  and  the 
diameter  of  the  TiC>2  (700)  spheres  did  not  obviously  change,  which 
suggests  that  the  phase  transition  from  a  mixture  of  anatase  and 
Ti02(B)  to  anatase  TiC>2  did  not  have  any  obvious  effects  on  the 
particulate  morphology.  However,  the  nanosheets  appeared  to  be 
somewhat  sintered  with  an  increase  in  the  sintering  temperature 
above  600  °C.  As  the  calcination  temperature  further  increased  to 
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Fig.  3.  FE-SEM  images  of  the  various  Ti02  calcined  at  different  temperatures:  (a)  400  °C,  (b)  500  °C,  (c)  600  °C,  (d)  700  °C,  (e)  800  °C,  (f)  900  °C,  and  (g)  1000  °C;  the  insets  are  the 
magnified  images. 


800  °C,  the  nanosheets  started  to  convert  into  nano  bars,  while  the 
spherical  structure  of  the  secondary  particles  was  still  maintained 
even  after  the  calcination  at  1000  °C. 

The  pore  structure  of  the  samples  calcined  at  different  tem¬ 
peratures  was  examined  using  N2  adsorption/desorption  iso¬ 
therms.  Previously,  we  have  demonstrated  that  the  presence  of  PVP 
during  the  solvothermal  synthesis  caused  the  N2  adsorption- 
desorption  isotherm  curve  for  the  sample  calcined  at  400  °C  to 
display  a  type  IV  isotherm  with  an  H4  hysteresis  loop  in  the  range  of 
0.67-0.96  P/P0,  and  the  Barrett-Joyner-Halenda  analysis  showed 
the  presence  of  two  types  of  pores  with  pore  sizes  of  ~4.0  and 


8.3  nm  and  a  total  pore  volume  of  0.5982  cm3  g-1  [40  .  Fig.  4  shows 
the  typical  N2  adsorption-desorption  isotherms  and  the  related 
BJH  pore  size  distribution  curves  of  the  samples  calcined  at  the 
temperatures  selected  for  this  study  (400,  500,  700  and  1000  °C). 
The  pore  sizes  and  pore  volumes  for  the  samples  calcined  at  various 
temperatures  are  listed  in  Fable  1.  In  this  study,  two  types  of  pores 
were  also  observed  for  the  samples  calcined  at  400  and  500  °C,  but 
the  relative  volume  of  the  two  pores  differed  somewhat  from  the 
samples  synthesized  with  PVP.  Only  one  pore  was  observed  for  the 
samples  calcined  at  600-900  °C.  The  pores  with  sizes  of  approxi¬ 
mately  4.0  nm  were  due  to  the  arrangement  of  the  Ti02 
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(a)  (b) 


Fig.  4.  N2  adsorption/desorption  curves  of  Ti02  calcined  at  different  temperatures:  (a)  400  °C,  (b)  500  °C,  (c)  700  °C,  and  (d)  1000  °C;  the  insets  are  corresponding  BJH  pore 
distribution  plots. 


nanoparticles  within  the  nanosheets,  while  the  larger  pores  were 
due  to  the  loose  packing  of  those  Ti02  nanosheets  [40],  which 
suggests  that  the  pores  inside  the  nanosheets  were  almost  elimi¬ 
nated  at  calcination  temperatures  above  600  °C  due  to  the  sintering 
of  the  particles.  A  monotonic  decrease  in  the  total  pore  volume  due 
to  thermal  sintering  was  clearly  demonstrated.  Interestingly,  the 
average  pore  diameter  first  increased  with  firing  temperature, 
reached  a  maximum  diameter  of  36.6  nm  at  a  calcination  temper¬ 
ature  of  700  °C,  and  then  decreased  with  further  increases  in  the 
firing  temperature  to  only  14.8  nm  for  the  sample  calcined  at 
1000  °C.  From  the  FE-SEM  images,  the  nanosheets  sintered  into 
nano  bars,  and  the  microspheres  shrank  at  calcination  tempera¬ 
tures  of  800  °C  or  higher,  which  may  explain  the  corresponding 
decrease  in  pore  size.  The  Brunauer-Emmett-Teller  (BET)  specific 
surface  areas,  calculated  based  on  the  nitrogen  adsorption/ 
desorption  isotherms,  were  157.1,  112.0,  82.2,  40.7,  29.9,  15.6  and 
7.1  m2  g-1  for  the  samples  calcined  at  400,  500,  600,  700,  800,  900 
and  1000  °C,  respectively.  Clearly,  an  increase  in  the  calcination 
temperature  enhanced  particulate  sintering.  At  a  calcination  tem¬ 
perature  of  1000  °C,  the  surface  area  was  entirely  from  the  outer 
surfaces  of  the  particles  because  of  the  very  small  number  of  pores 
that  survived. 

3.3.  Performance  as  lithium-intercalation  electrode 

To  act  as  a  Faradaic  lithium-intercalation  electrode  in  hybrid 
supercapacitors,  the  electrode  should  possess  a  high  rate  capability 
that  matches  the  AC  electrode,  which  realizes  charge  storage 
through  a  fast,  non-Faradaic  capacitative  mechanism.  Fig.  5a  shows 
the  typical  galvanostatic  discharge  curves  of  electrodes  calcined  at 
different  temperatures  based  on  the  half-cell  configuration  with  a 
LiPF6  electrolyte  and  metallic  lithium  counter  and  reference 


electrodes  over  the  potential  range  of  1.0-3.0  V  at  0.2  A  g-1  current 
density  in  2nd  cycle.  For  the  electrodes  calcined  at  400  or  500  °C, 
two  voltage  platforms,  one  located  at  1.75  V  and  the  other  at 
approximately  1.5— 1.6  V  were  observed,  suggesting  the  co¬ 
existence  of  both  anatase  Ti02  (~1.75  V)  and  Ti02(B)  (1.5— 1.6  V) 
[41,42  .  For  the  electrodes  calcined  at  600-800  °C,  only  one  plat¬ 
form  at  approximately  1.75  V  was  observed,  in  agreement  with  a 
single  anatase  phase  of  the  electrode  material,  as  demonstrated  by 
the  XRD  and  Raman  spectra  shown  in  Figs.  1  and  2.  For  both  the 
TiC>2  (900)  and  TiC>2  (1000)  electrodes,  a  small  shoulder  at 
approximately  1.4  V  was  also  observed  in  their  galvanostatic 
discharge  curves,  which  can  be  assigned  to  the  intercalation  of 
lithium  into  rutile  TiC>2.  The  capacities  in  the  second  cycle  are  203.3, 
187.5, 160.5, 148.4, 140.5,  90.2  and  33.2  mAh  g”1  for  the  electrodes 
calcined  at  400,  500,  600,  700,  800,  900  and  1000  °C,  respectively. 
The  drop  in  capacity  with  calcination  temperature  over  the  range  of 
400-800  °C  could  be  related  to  the  sintering  of  the  particles,  and 
the  transformation  of  anatase  phase  to  rutile  phase  may  contribute 
additional  losses  to  the  electrochemical  activity  due  to  the  relative 
inertness  of  rutile  TiC>2  to  lithium  intercalation  [43];  these  results 
suggest  that  the  Ti02  (400)  sample  is  the  most  suitable  electrode 
material  for  the  lithium  intercalation  reaction,  which  may  be 
related  to  its  high  specific  surface  area,  hierarchical  pore  structure 
and  rich  Ti02(B)/anatase  Ti02  phase  boundaries.  The  discharge 
capacities  of  the  electrode  calcined  at  400  °C  at  different  current 
densities  within  the  potential  ranges  of  1.0-3.0  V  and  0.0-3.0  V  are 
shown  in  Fig.  5b.  The  capacities  in  the  potential  range  of  1.0-3.0  V 
were  lower  than  the  results  from  our  previous  studies  mainly  due 
to  the  absence  of  PVP  in  the  solvothermal  process  [40  .  It  was 
interesting  that  at  relatively  low  current  densities,  i.e.,  0.25  and 
0.5  A  g-1,  higher  capacities  were  demonstrated  by  discharging  to 
0.0  V  than  to  1.0  V;  however,  with  a  further  increase  in  current 
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Table  1 

BET  specific  surface  area,  average  pore  size  and  total  pore  volumes  for  the  various 
Ti02  samples  calcined  at  different  temperatures. 


Temperature/0  C 

400 

500 

600 

700 

800 

900 

1000 

Specific  surface  area/ 

2  -1 

m  g 

157.12 

112.02 

82.24 

40.72 

29.88 

15.62 

7.13 

Average  pore 
diameter/nm 

16.87 

20.61 

24.62 

36.57 

22.19 

17.48 

14.76 

Total  pore  volume/ 

3  -1 

cm  g 

0.654 

0.577 

0.506 

0.372 

0.166 

0.068 

0.026 

density,  the  capacity  decreased  sharply  to  only  30.0  mAh  g-1  at  a 
current  density  of  3.0  A  g-1.  For  comparison,  the  sample  retained 
113.8  mAh  g-1  by  discharging  over  the  potential  range  of  1.0-3.0  V, 
which  suggests  that  excess  Li+  intercalation  resulted  in  decreased 
reversibility  for  the  lithium  insertion/extraction.  Furthermore,  the 
solid-electrolyte  interface  (SEI)  film  on  the  active  material  surface 
and  the  additional  electrolyte  decomposition  also  increased  the 
electrical  resistance  of  the  working  electrode  and  reduced  the  rate 
capability  [44,45  .  We  further  investigated  the  cycling  stability  of 
Ti02  (400)  at  a  current  density  of  1.0  A  g-1  over  the  potential  ranges 
of  1.0-3.0  V  and  0.0-3.0  V.  As  shown  in  Fig.  5c,  after  cycling  200 
times  between  1.0  and  3.0  V,  a  discharge  capacity  of  145  mAh  g-1 
was  maintained,  indicating  a  retention  of  83.8%  of  the  capacity  for 
the  first  cycle.  For  cycling  in  the  potential  range  of  0.0-3.0  V,  an 


initial  capacity  of  225  mAh  g-1  was  achieved,  which  decreased 
sharply  over  the  first  20  cycles  to  only  111  mAh  g-1  in  the  25th 
cycle,  and  a  capacity  of  only  57  mAh  g_1  was  retained  after  200 
discharge-charge  cycles,  which  suggests  that  maintaining  high 
stability  by  discharging  Ti02  to  an  end  potential  of  1.0  V  is  easy; 
however,  significant  improvement  in  the  energy  density  could  be 
achieved  by  expanding  the  potential  range  because  the  energy 
density  is  directly  proportional  to  the  square  of  the  potential  win¬ 
dow.  Thus,  a  larger  potential  window  is  preferred. 

3.4.  Electrochemical  performance  of  hybrid  supercapacitors 

Hybrid  supercapacitors  were  assembled  by  using  the  various  as- 
prepared  Ti02  microspheres  and  commercial  AC  (specific  surface 
area  of  2650  m2  g-1,  average  pore  size  of  2.14  nm  and  total  pore  vol¬ 
ume  of  1.42  cm2  g-1)  as  the  negative  and  positive  electrode  active 
materials,  in  equal  weights,  respectively.  For  comparison,  an  AC-AC 
symmetric  supercapacitor  was  also  assembled  and  tested.  The  device 
of  the  AC-Ti02  hybrid  supercapacitor  was  schematically  illustrated  in 
Fig.  6.  For  the  AC  electrode,  the  energy  storage  was  based  on  an 
electrical  double  layer  from  a  non-Faradaic  process  with  the  PF6 
anion,  whereas  the  energy  storage  for  Ti02  electrode  was  a  Li+ 
insertion  process  21,25].  The  possible  charge/discharge  process  of  the 
hybrid  supercapacitor  can  be  demonstrated  as  the  following  formulas: 


AC  +  xPF6  -  xe  ^>xPF6  1 1  (AC)surface(||  stands  for  electrical  double  layer) 


(1) 


(a)  (b) 


(c) 


Fig.  5.  (a)  The  2nd  discharge  curves  of  the  Ti02  calcined  at  different  temperatures  (0.2  A  g  :);  (b)  the  2nd  discharge  capacities  of  the  Ti02  calcined  at  400  °C  in  the  potential  ranges 
of  1.0-3.0  V  and  0.0-3.0  V  at  different  current  densities;  (c)  cycling  performance  of  the  Ti02  calcined  at  400  °C  in  the  potential  ranges  of  1.0-3.0  V  and  0.0-3.0  g  1  at  1.0  A  g'1. 
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Fig.  6.  Schematic  illustration  of  AC-Ti02  hybrid  supercapacitor  in  non-aqueous 
electrolyte. 


xLi++Ti02+xe  ^>LixTi02  (2) 

The  galvanostatic  charge/discharge  curves  of  the  AC-AC  sym¬ 
metric  supercapacitor  and  AC-Ti02  hybrid  supercapacitors  at  a 
current  density  of  0.2  A  g-1  (with  the  respect  to  total  mass  of  the 
active  materials)  are  shown  in  Fig.  7a.  For  both  types  of  the  hybrid 
supercapacitors,  except  AC-Ti02  (1000),  an  approximately  linear 
response  of  the  cell  potential  to  time  was  demonstrated  in  their 
charge/discharge  curves,  suggesting  good  reversibility  of  the  elec¬ 
trochemical  charge/discharge  process.  The  discharge  curves  of  the 
AC-AC  symmetric  supercapacitor  were  highly  symmetric  with 
respect  to  their  corresponding  charge  counterparts.  This  result  is 
typical  for  charge-discharge  curves  of  electric  double  layer 
supercapacitors  and  reflects  energy  storage  via  electrostatic 
surface-charge  accumulation  [10,19  .  However,  the  shapes  of  the 
charge/discharge  curves  for  the  AC-Ti02  hybrid  supercapacitors 
exhibited  a  deviation  from  the  curves  of  the  AC-AC  symmetric 
supercapacitor.  In  addition,  the  current-resistance  (I—R)  drop  was 
relatively  large  and  caused  by  the  low  electronic  conductivity  of  the 
Ti02  material  [46-48  .  All  of  the  above  differences  between  the 
AC-AC  symmetric  supercapacitor  and  the  AC-Ti02  hybrid  super¬ 
capacitors  revealed  that  the  Faradaic  reaction  likely  occurred  in  the 
Ti02  microspheres.  As  a  whole,  a  decrease  in  the  discharge  time 
with  increasing  calcination  temperature  was  observed;  in  partic¬ 
ular,  the  Ti02  (900)  and  Ti02  (1000)  samples,  in  which  Ti02  had 
rutile  structure,  showed  much  shorter  discharge  times,  suggesting 
decreased  capacitance. 

The  electrochemical  performance  of  both  types  of  super¬ 
capacitors  was  further  investigated  using  galvanostatic  charge/ 
discharge  and  CV  measurements.  Fig.  7b  shows  the  steady-state 
cycle  voltammograms  within  the  potential  window  from  0.0  to 
2.8  V  at  a  rate  of  20  mV  s-1.  The  curve  from  the  AC-AC  symmetric 
supercapacitor  showed  ideal  rectangular  shapes,  indicating  excel¬ 
lent  capacitative  behavior;  however,  all  curves  from  the  AC-Ti02 
hybrid  supercapacitors  deviated  from  the  ideal  rectangular  shape. 
As  the  calcination  temperature  increased,  the  corresponding 
response  current  of  the  hybrid  supercapacitor  decreased,  indicating 
a  decrease  in  capacity  with  an  increase  in  calcination  temperature 
for  the  Ti02  electrode.  This  result  is  consistent  with  the  results  of 
the  galvanostatic  charge/discharge  experiments. 


(a) 


Time  /  s 

(b) 


Fig.  7.  (a)  Galvanostatic  charge/discharge  curves  at  0.2  A  g  1  and  (b)  cyclic  voltam¬ 
mograms  at  20  mV  s”1  of  AC-Ti02  hybrid  supercapacitors  and  AC-AC  symmetric 
supercapacitor. 


Based  on  the  above  analysis,  Ti02  (400)  showed  the  best  elec¬ 
trochemical  performance  as  an  electrode  in  hybrid  supercapacitors. 
The  CVs  for  the  AC-AC  symmetric  supercapacitor  and  the  AC-Ti02 
(400)  hybrid  supercapacitor  at  scan  rates  ranging  from  5  to 
50  mV  s^1  were  further  investigated,  and  the  results  are  shown  in 
Fig.  8.  According  to  the  shapes  of  these  curves,  the  current  re¬ 
sponses  at  the  same  voltage  increased  with  the  scan  rate.  The  cycle 
voltammograms  of  the  AC-AC  symmetric  supercapacitor  main¬ 
tained  the  ideal  rectangular  shapes,  even  at  the  fastest  scan  rate  of 
50  mV  s-1,  indicating  good  electric  double  layer  performance.  As 
expected,  the  AC-Ti02  hybrid  supercapacitor  gradually  deviated 
from  the  ideal  rectangular  shape  as  the  scan  rate  increased.  As  to 
the  positive  electrode,  the  highly  reversible,  non-Faradaic  reaction 
occurred  at  the  AC  electrode/liquid  electrolyte  interface,  where 
energy  was  stored  by  electrostatic  surface-charge  accumulation.  By 
contrast,  the  energy  stored  in  the  Ti02  negative  electrode  occurred 
by  a  lithium-intercalation  reaction,  where  a  Faradaic  process  along 
with  reversible  phase  transformation  and  electron  transfer 
occurred  [19-21  .  The  overlapping  effects  of  the  pseudocapacitive 
contributions  from  the  Ti02  negative  electrode  and  the  double  layer 
contribution  from  the  AC  positive  electrode  led  to  the  deviation 
from  ideal  rectangular  shape  in  the  CV  curves  with  increasing  scan 
rate  for  the  hybrid  supercapacitor  19-21  . 
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Fig.  8.  Cyclic  voltammograms  of  (a)  AC-AC  symmetric  supercapacitor;  (b)  AC-Ti02 
(400)  hybrid  supercapacitor  at  various  sweep  rates. 


(a) 


(b) 


To  demonstrate  the  rate  performance,  the  AC-Ti02  (400)  hybrid 
supercapacitor  was  further  tested  by  galvanostatic  charge- 
discharge  over  the  potential  range  of  0.0-2.8  V  at  various  current 
densities,  and  the  results  are  shown  in  Fig.  9a.  The  specific  capac¬ 
itance  of  a  hybrid  supercapacitor  (F  g_1)  can  be  calculated  accord¬ 
ing  to  the  following  equation: 


I  x  At 
MxAl/ 


(3) 


where  M  (g)  is  the  total  mass  of  the  active  materials  in  both  elec¬ 
trodes,  AV  (V)  is  the  operating  potential  window,  /  (A)  is  the  con¬ 
stant  discharge  current  and  At  (s)  is  the  discharge  time.  Specific 
capacitances  of  72.8,  59.6,  48.0,  40.1,  37.0,  29.5  and  28.9  F  g_1  at 
current  densities  of  0.1,  0.2,  0.4,  0.8, 1.0,  2.0  and  3.0  A  g-1,  respec¬ 
tively,  were  obtained  for  the  AC-Ti02  (400)  hybrid  supercapacitor. 
The  specific  capacitance  maintained  40.0%  of  the  capacitance  at 
0.1  A  g-1  when  the  current  density  increased  to  3.0  A  g-1,  showing 
the  outstanding  rate  performance  of  the  hybrid  supercapacitor.  For 
the  electrodes  of  supercapacitors,  such  as  TiC>2,  the  energy  is  stored 
via  a  Faradaic  reaction  that  occurs  over  the  entire  electrode  surface 
or  subsurface.  Thus,  a  high  specific  surface  is  beneficial  for 
achieving  a  high  capacity.  The  unique  hierarchical  nano-  and  micro¬ 
structures  allowed  for  good  penetration  of  the  liquid  electrolyte  to 
the  electrode  surface,  which  allows  for  fast  interfacial  reactions. 


Fig.  9.  (a)  Galvanostatic  charge-discharge  curves  of  AC-Ti02  (400)  hybrid  super¬ 
capacitor  at  different  current  densities;  (b)  Ragone  plots  of  power  density  versus  en¬ 
ergy  density  for  AC-AC  symmetric  supercapacitor  and  AC-Ti02  (400)  hybrid 
supercapacitor. 


The  mesoporous  hierarchical  structure  also  allows  for  good  elec¬ 
tron  transport  and  efficient  current  collection.  As  a  result,  a  high 
capacity  and  an  excellent  rate  capacity  were  observed  [49,50].  The 
energy  density  and  power  density  are  also  important  parameters 
for  the  electrochemical  performance  of  supercapacitor.  The  energy 
density  and  power  density  of  a  supercapacitor  can  be  calculated 
from  the  following  equations: 

E  =  0.5C(A\/)2  (4) 


where  E  (Wh  kg-1).  C  (F  g-1),  AV  (V),  At  (s)  and  P  (W  kg-1)  are  the 
energy  density,  specific  capacitance,  the  operating  potential  win¬ 
dow,  discharge  time  and  power  density,  respectively.  The  power 
density  will  increase  and  the  energy  density  will  decrease  with 
increasing  current  density.  The  Ragone  plots  of  the  AC-AC  sym¬ 
metric  supercapacitor  and  the  AC-Ti02  (400)  hybrid  super¬ 
capacitor  are  presented  in  Fig.  9b  to  show  the  relationship  between 
the  energy  density  and  the  power  density.  The  energy  densities 
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were  much  higher  in  the  AC-Ti02  (400)  hybrid  supercapacitor  than 
the  AC-AC  symmetric  supercapacitor,  especially  at  low  power 
densities.  The  AC-Ti02  (400)  hybrid  supercapacitor  could  obtain 
the  highest  energy  density  of  79.3  Wh  kg-1  at  a  current  density  of 
0.1  A  g-1;  the  energy  density  of  the  AC-AC  symmetric  super¬ 
capacitor  (36.1  Wh  kg-1)  was  only  45.5%  of  the  energy  density  of 
the  AC-Ti02  (400)  hybrid  supercapacitor,  which  is  due  to  the 
previously  mentioned  advantages  of  the  hybrid  system.  As  for  the 
AC-Ti02  (400)  hybrid  supercapacitor,  the  energy  density  reached 
79.3  Wh  kg-1  at  a  power  density  of  178.1  W  kg-1,  and  the  energy 
density  was  still  31.5  Wh  kg-1  when  the  power  density  was 
increased  to  9.45  kW  kg-1.  The  maximum  energy  density  of  the 
AC-Ti02  (400)  hybrid  supercapacitor  is  much  higher  than  the 
values  reported  for  hybrid  supercapacitors  of  CNTs-Ti02(B)  nano¬ 
wires  (12.5  Wh  kg'1)  [19,  CNTs-Ti02  (B)  nanotubes 

(19.3  Wh  kg-1)  !  20],  or  AC-TiC>2  anatase  nanoparticles  grown  on 
the  reduced  graphene  oxide  (42  Wh  kg-1)  [21  .  It  should  be  noted 
that  the  energy  density  (Wh  kg'1)  and  power  density  (W  kg'1)  in 
our  work  are  calculated  based  on  the  both  mass  of  the  electrode 
active  materials  (AC  and  Ti02).  The  superior  energy  density  of  the 
hybrid  supercapacitor  can  be  attributed  to  its  high  specific  capaci¬ 
tance  and  elevated  cell  voltage  of  2.8  V  in  the  non-aqueous  elec¬ 
trolyte.  In  addition,  the  high  energy  densities  delivered  by  the  AC- 
TiC>2  (400)  hybrid  supercapacitor  in  our  work  have  not  been  opti¬ 
mized,  and  the  energy  densities  can  be  enhanced  by  the  balancing 
of  active  masses  of  the  two  electrodes  or  changing  the  test  condi¬ 
tion  in  further  work.  Therefore,  we  believe  that  this  hybrid  super¬ 
capacitor  may  be  considered  a  promising  energy  storage  device 
that  is  suitable  for  various  applications  that  require  high  energy 
density  and  high  power  density. 

EIS  of  the  cell  were  measured,  and  the  corresponding  Nyquist 
plots  of  AC-AC  symmetric  supercapacitor  and  AC-Ti02  (400) 
hybrid  supercapacitor  over  the  frequency  range  from  100  kHz  to 
0.01  Hz  are  shown  in  Fig.  10a.  The  two  impedance  spectra  appeared 
to  be  similar  and  consisted  of  a  semicircle  in  the  high-frequency 
region  and  a  near-vertical  line  in  the  low-frequency  region.  The 
semicircle  was  related  to  the  charge-transfer  process  while  the 
linear  region  was  caused  by  Warburg  impedance.  At  high  fre¬ 
quencies,  the  intercept  with  the  real  axis  (ZRe)  can  treated  as  the 
electrolyte  resistance  [51  ].  Obviously,  the  diameter  of  the  semicircle 
for  AC-AC  was  smaller  than  for  AC-Ti02  (400),  suggesting  low 
contact  and  charge-transfer  impedances  and  good  kinetic  pro¬ 
cesses  in  the  AC-AC  symmetric  supercapacitor.  The  low  electronic 
conductivity  of  the  Ti02  microspheres  and  the  different  energy 
storage  mechanisms  of  the  AC  and  Ti02  electrodes  may  account  for 
some  of  the  differences  in  the  Nyquist  plots  of  the  AC-AC  and  AC- 
Ti02  (400)  supercapacitors  [52].  From  the  Ragone  plots,  it  is 
assumed  that  the  overall  kinetics  of  the  AC-AC  symmetric  super¬ 
capacitor  was  an  energy-limited  process,  whereas  the  AC-Ti02 
(400)  hybrid  supercapacitor  was  a  power-limited  process.  Fig.  10b 
illustrates  the  Nyquist  plots  of  the  AC-Ti02  (400)  hybrid  super¬ 
capacitor  before  and  after  1000  cycles;  there  was  no  obvious 
change  in  the  shape  and  size  of  the  EIS  after  the  cycling  test.  It  could 
be  speculated  that  the  structure  and  composition  of  the  electrodes 
have  not  changed  after  many  cycles.  The  excellent  cycling  stability 
was  further  supported  by  repeated  galvanostatic  charge-discharge 
cycling  tests.  Fig.  11  shows  the  variation  in  energy  density  and 
coulombic  efficiency  as  a  function  of  cycle  number  for  the  AC-Ti02 
(400)  hybrid  supercapacitor  at  a  current  density  of  1.0  A  g'1  with  a 
cell  voltage  of  0.0-2.8  V.  The  energy  density  showed  a  small 
decrease  during  the  first  50  cycles.  Then  it  increased  gradually  as 
the  cycles  continued  and  reached  a  stable  value.  After  1000  cycles, 
the  energy  density  retained  98%  of  its  initial  value,  and  the 
coulombic  efficiency  remained  stable  above  95%,  exhibiting  excel¬ 
lent  electrochemical  stability.  This  result  is  consistent  with  our 


(a) 


Fig.  10.  EIS  in  Nyquist  plots  of:  (a)  AC-Ti02  (400)  hybrid  supercapacitor  and  AC-AC 
symmetric  supercapacitor  before  cycling:  (b)  AC-Ti02  (400)  hybrid  supercapacitor 
before  and  after  cycling. 
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Fig.  11.  Cycling  stability  in  energy  density  and  coulombic  efficiency  versus  cycle 
number  for  AC-Ti02  (400)  hybrid  supercapacitor. 
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previous  results  from  the  EIS.  It  is  very  interesting  that  Ti02  was 
unstable  when  subjected  to  deep  discharge  to  0.0  V  in  lithium  ion 
batteries.  The  favorable  stability  of  the  hybrid  capacitor  to  cycling 
over  the  range  of  0.0-2.8  V  is  likely  due  to  the  fact  that  in  the  hybrid 
supercapacitor,  lithium  insertion  into  Ti02  only  occurred  at  the 
surface;  thus,  the  induced  lattice  strain  was  minimized. 

4.  Conclusions 

In  summary,  mesoporous  Ti02  microspheres  are  synthesized  by 
a  facile  template-free  solvothermal  method  and  subsequent  heat 
treatment.  And  a  novel  hybrid  supercapacitor,  in  which  an  AC 
positive  electrode  and  Ti02  negative  electrode  were  well  matched. 
The  AC-TiC>2  (400)  hybrid  supercapacitor  can  deliver  a  maximum 
energy  density  of  79.3  Wh  kg-1,  which  is  much  higher  than  the  AC- 
AC  symmetry  supercapacitor  (36.1  Wh  kg-1).  Additionally,  this 
hybrid  supercapacitor  can  achieve  a  very  high  power  density 
(9.45  kW  kg-1)  while  maintaining  an  acceptable  energy  density 
(31.5  Wh  kg-1).  The  AC-Ti02  (400)  hybrid  supercapacitor  was  quite 
stable  during  charge-discharge  cycling  and  showed  excellent 
cycling  performance  in  this  study.  It  can  retain  98%  capacitance  of 
the  initial  after  1000  cycles.  The  AC-Ti02  (400)  hybrid  super¬ 
capacitor  exhibited  excellent  electrochemical  performance  in  this 
study,  which  can  be  attributed  to  the  synergistic  effects  of  the 
different  energy  storage  mechanisms  in  the  two  electrode  mate¬ 
rials.  We  believe  that  this  hybrid  supercapacitor  deserves  further 
investigation,  as  the  results  obtained  in  our  work  were  not  opti¬ 
mized.  Therefore,  the  proposed  AC-Ti02  (400)  hybrid  super¬ 
capacitor  may  be  considered  a  very  promising  energy  storage 
device  that  is  suitable  for  applications  that  require  both  high  energy 
density  and  high  power  density. 
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